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TiAlN, TiSiN, and TiCrN composite layers were deposited by magnetron sputtering and sliding  angle ion
beam sputtering of the inner surface of hollow truncated cones of diﬀerent compositions. The composition of both
type coatings and component depth distributions were studied by the Rutherford backscattering spectrometry.
The structural and phase analyses of the deposited ﬁlms were performed by transmission electron microscopy and
diﬀraction. Microhardness, wear resistance and friction coeﬃcient of the coatings were also measured and discussed
in the relationship with the structure and composition. Microhardness tests showed that the registered data varied
in the range 10 to 50 GPa, depending on composition and concentration of components. The best wear protection
results from the magnetron deposited TiAlN systems in a narrow range of component concentrations. A minimal
friction coeﬃcient was revealed for the magnetron sputtered layers.
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1. Introduction
Current research is directed towards designing mul-
ticomponent materials that accomplish multiple perfor-
mance objectives in a single system or advanced materi-
als exhibiting improved or outstanding performance. Ex-
amples of both possibilities can be found in the ﬁeld of
protective coatings, combining hardness with other suit-
able properties as low-friction, thermal and wear resis-
tance. In fact, hardness is traditionally the most de-
manded property for protective coatings. Nanocompos-
ites are structures conceptually similar to polycrystals
but including the second phase among crystals. As a
result, they are formed by nanosized crystals (typically,
based on hard phases as nitrides or carbides) embedded
in the second phase. The nature of components, crys-
tal size, and amount of each phase determine the ﬁnal
properties of the composite material [13].
Hard coatings, such as TiN deposited on machining
tools, have been widely used for increasing lifetime and
performance of cutting tools [4, 5]. However, TiN begins
to oxidize in air at 500 ◦C, which limits its industrial ap-
plication in high speed and dry machining [6]. The TiAlN
and TiSiN nanocomposites consisting of TiN nanocrys-
tals embedded in the amorphous AlN or Si3N4 phases
[3, 7] have exhibited a super hardness and excellent ther-
mal stability, being widely applied in dry and high-speed
cutting treatments [8]. The TiCrN nanocomposite is also
of great interest from the point of view of practical ap-
plications [9]. The main task of this paper is to ﬁnd a
correlation between the composition and structure of the
coating and its mechanical and tribological properties.
2. Experimental procedure
The substrates in all cases were made of polished stain-
less steel, graphite, silicon and single crystal sodium chlo-
ride plates freshly split. Magnetron depositions were
performed with the usage of Ar+ ions for the TiAlN,
TiSiN and TiCrN systems by the sputtering of com-
posite targets containing Ti as a main component and Al,
Si and Cr as the addition in the concentrations from 10 up
to 50 at.%. The optical spectra analyzer S-100 was used
to control the nitrogen ﬂow. The gradient layers were
formed on the stainless steel samples by the alteration of
nitrogen ﬂow steering from 0 up to 0.4 Pa. To improve
coating properties mentioned in Introduction, a bias volt-
age of 150200 V was used. The vacuum chamber was
evacuated to a base pressure of 5 × 10−3 Pa, and prior
to deposition the substrates were cleaned by Ar+ sput-
tering at a bias voltage of 1.5 keV for 30 min to remove
residual pollutants and native oxides. The infrared light
heating of the samples up to 150240 ◦C allows increasing
the adhesion between coatings and substrates.
The use of the conical system (see Ref. [10]) makes it
possible to carry out in situ material deposition with an
assistance of ions scattered on the cone surface. The hol-
low truncated cones coated with layers of the desired ma-
terials (TiCrCu or TiSiCu) were irradiated by 60 keV
Ar+ or Xe+ ions to a ﬂuence of 2.5× 1017 ion/cm2 at a
beam current density of 10 µA/cm2. The chosen energy
of ions corresponds to eﬃcient sputtering of materials
used in our experiments. A special sample holder has
been designed [10] to improve the adhesion of deposited
layers and introduce an additional ﬂexibility of process-
ing. It also allows to cool the samples with running water
during the irradiation procedure and to clean the sam-
(800)
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ple surface by low-energy ion bombardment. In order to
analyze the depth distribution of atomic species in the
deposited layers, the Rutherford backscattering spectro-
metry (RBS) was applied. The RBS measurements were
performed with 1.3 MeV He+. Structural properties of
coatings were studied by means of transmission electron
microscopy (TEM) and diﬀraction (TED). The TEM in-
vestigations in plan-view (PV) geometry were carried out
using a 200 keV-Hitachi H-800.
Microhardness of coatings was measured by means of
a DuraScan 20 equipment. To ﬁnd the hardness and the
elastic modules at diﬀerent loads, we used the Oliver
Pharr technique [11] (Shimadzu Dynamic Ultra Micro
Hardness Tester DUH-202). The tribological proper-
ties were evaluated by unlubricated disc-on-plate friction
tests. Normalized wear rates were evaluated from the
cross-sectional proﬁles taken across the disk wear track
after testing by means of stylus proﬁlometry.
3. Results and discussion
A short overview of the measured RBS spectra of de-
posited coatings by magnetron sputtering shows us some
critical points for this deposition method. The typical
RBS spectra in Fig. 1 illustrate a gas ﬂow control eﬀect.
A strong inﬂuence of the reactive gas ﬂow intensity is ob-
served in this ﬁgure. The RBS measurements of coating
composition show that the best compositional uniformity
of layers (see a proﬁle of the titanium peaks in Fig. 1)
was achieved by the usage of the optically controlled mag-
netron sputtering.
Fig. 1. Typical RBS spectra of the thin TiSiN layers,
deposited without the optical control (A) and with the
steering (B).
Moreover, the RBS spectra enable us to register high
concentration of oxygen (up to 30 at.%) in the de-
posited layers (Fig. 1). This contamination may be
caused by the oxygen ﬂow from the residual gases and
the target surface oxide. The oxygen concentration de-
creases up to 610 at.% only by the previous long-time
(about 1000 s) training of the sputtered target (Fig. 2).
The beginning-stage of oxygen contamination must be
eliminated for all magnetron sputtered targets with the
substrate shielding in the initial stage of processing.
An example of the RBS spectrum for a thick homoge-
neous magnetron coating, deposited from the previously
cleaned target, is shown in Fig. 2.
Fig. 2. Typical RBS spectrum of the thick TiAlN
layer, deposited with the optical control and the results
of the spectrum modeling.
To perform the wide-range energy spectrum modelling,
specially developed Head 6 software was used. The ba-
sic advantage of the used simulation procedure over the
conventional programs is the account of the ion detection
equipment non-linearity by the original calibration proce-
dure and the four-point polynomial ﬁt. As can be seen in
Fig. 2, atomic composition of this thick layer was homo-
geneous, and the oxygen concentration was considerably
lower than in the cases presented in Fig. 1. According
to calculations done for this spectrum, the Al/N ratio
was about 0.82 and total concentration of light compo-
nents (N,O) amounts to about 58 at.%. That allows us to
suppose that a part of the oxide with the largest oxygen
concentration (TiO2) in the coating is very small. A neg-
ative eﬀect of oxygen in the deposited layers on hardness
and tribomechanical properties of such coatings was dis-
cussed in Ref. [3]. These results illustrate signiﬁcant im-
portance of target pretreatments as well as the reactive
gas ﬂow control.
The hollow truncated cones [10] coated with the foils of
Ti, Si, and Cu or Ti, Cr and Cu have been irradiated by
60 keV Ar+ or Xe+ ions to the ﬂuence of 2.5×1017 cm−2.
Using this method, a number of three-component materi-
als have been deposited on the stainless steel and graphite
samples. Atomic composition of deposited layers has
been controlled by an area of the segments of materials
being sputtered. When the cone surface is covered with
segments of various materials, it enables production of
multicomponent layers including high-temperature ma-
terials and those containing elements immiscible under
equilibrium conditions.
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The RBS spectra measured for the layers deposited by
thin processing show a considerably higher (up to 2.5
times) deposition rate for Xe+ ions compared to Ar+
ions. This eﬀect is caused by the higher coeﬃcient of
sputtering of the above-mentioned target by Xe+ ions
with the energy of 60 keV. An example of such RBS
spectra is presented in Fig. 3. It should be mentioned
that in all cases the phenomenon of selective sputter-
ing of the cone species has been observed. Therefore,
this should be taken into account in practical applica-
tions of this processing. The initial target composition
is shown in the left-hand corner of Fig. 3. The addition
of copper up to 10 at.% is used to protect grain growth
during the layer deposition and form nanostructure coat-
ings [3]. The deposited layers revealed large adhesion to
the stainless steel samples. Two eﬀects contribute to this
phenomenon. One of them is the ballistic recoil implan-
tation and the second one is the radiation-enhanced dif-
fusion of deposited atoms under the scattered Xe+ ion
irradiation [10]. Therefore, this processing is favourable
and perspective in the cases when the production of com-
posite targets is a problematical one.
Fig. 3. Typical RBS spectrum of the TiCrCu thin
ﬁlm, condensed by ion beam sputtering.
The TEM images and diﬀraction for the TiSiN and
TiAlN coatings deposited by the magnetron method
are presented in Fig. 4A and B. According to these exami-
nations, fcc titanium nitride phase with an average grain
size of 10 nm is registered as a main crystalline phase
in both systems. It was revealed that Si and Al atoms
considerably increase intensity of the diﬀusion halo in
diﬀraction patterns. Such a behaviour of diﬀraction pat-
terns may be attributed to the formation of solid solu-
tions (TiAl)N and (TiSi)N or TiN nanocrystals covered
with thin amorphous layers. In our opinion, the Fourier
analysis of intensity distributions in these diﬀraction pat-
terns can provide additional, useful information to solve
this problem.
The above-mentioned optical control of reactive gas
ﬂow allowed forming buﬀer layers with a given gradient
Fig. 4. Typical microphotographs and diﬀraction pat-
tern of the TiSiN (A) and TiAlN (B) thin ﬁlms,
condensed by magnetron sputtering.
of nitrogen concentration. It permits to improve the ad-
hesion in the coating substrate systems. The measured
microhardness of the initial substrate and our coatings
are displayed in Table.
TABLE
Microhardness of the examined samples.
Series System
Hardness
[GPa]
Value
scattering [%] *
01 stainless steel 2.37 6 2.37
02 TiN 2.63 5 18.5
04 TiSiN 3.85 4 
05 TiCrN 3.32 4 
06 TiAlN 13.28 3
07 TiAlN 31 3 32
08 TiAlN(1) 52.88 2
09 TiAlN(2) 28.07 2
An indentation depth in all systems with the coatings
was larger than coating thickness. Using low loads, a non-
-linear load-hardness dependence was observed. The re-
sults of the polynomial ﬁt for low loads are shown in the
last column of Table (marked by *). The Al/Ti ratio for
the series 06 was about 0.43. A set of samples numbered
as 07, 08, 09 in Table and containing various concen-
trations of the Al (Al/Ti ratio was 0.43, 0.55, and 0.35,
respectively) was examined by the OliverPharr method
using the maximum loads in the range of 5120 mN. The
maximum load was selected in such a way that the maxi-
mum indentation depth did not exceed 40% of the coating
thickness to avoid the inﬂuence of the substrate. The test
cycle of loading and unloading lasted 50 s. The hardness,
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Young's modulus E, and elastic work W were calculated
from the load-unload displacement curves. The data in
Table illustrates a strong eﬀect of Al concentration in
achieving coatings with high hardness.
Wear tests of the deposited layers show that the mag-
netron sputtered ﬁlms provide the best wear protection
of the stainless steel surface. The eﬀect of wear decrease
in the dry steel-coated steel wear experiments amounts
to one or two orders of the magnitude. In such coat-
ings high adhesion of the deposited ﬁlms plays an impor-
tant role. The standard ways to improve the adhesion
are high substrate temperature, previous ion etching and
ion beam assistance as well as buﬀer gradient layer for-
mation. The best wear protection was revealed for the
TiAlN systems deposited in a narrow range of the com-
ponent concentrations and substrate temperatures.
Friction coeﬃcient measurements were performed in
dry conditions in geometry disk-on-plate. Figure 5 il-
lustrates a few examples of the obtained data.
Fig. 5. Friction coeﬃcient versus sliding distance for
the TiSiN coating without gradient sheets (A), clean
steel surface (B), and the TiAlN coated steel (C).
As it is observed, the layers with poor adhesion reveal
the dominant abrasive wear mechanism (A). The minimal
friction coeﬃcient, caused by minimum surface rough-
ness, good adhesion, and chemical passivity of formed
compounds was obtained for deposited TiAlN layers
with the gradient layer (C).
4. Conclusions
The best compositional uniformity of layers and for-
mation of gradient layers are achieved by the usage of
the optically controlled magnetron sputtering, beam as-
sisted deposition is favourable and perspective in the
cases when the production of composite targets is a prob-
lematical one.
The beginning-stage of oxygen contamination must
be eliminated for all magnetron sputtered targets with
the substrate shielding at an initial stage of processing.
The experimental data illustrates a strong eﬀect of Al
concentration in achieving coatings with high hardness.
The best hardness and wear protection are revealed for
the TiAlN systems deposited in a narrow range of the
component concentrations and substrate temperatures.
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